New discoveries and technologies have begun to change paradigms of urothelial cancer therapy in recent years. One of the novel techniques which emerged in the imaging community is radiomics, which refers to the high-throughput extraction of quantitative image features from medical images. Radiomics, being noninvasive and easy to perform, has shown great potential in oncology by providing valuable information about tumor type, aggressiveness, progression, response to treatment and prognosis and enabling us to gain insights into the true utility of personalized medicine in the management of cancer in the near future. With rapid development in this area, radiomics has already been applied in urothelial cancer to predict pathological grade, clinical stage, lymph node metastasis and treatment response demonstrating promising results. In this review, we highlight advances in clinical applications of radiomics in urothelial cancer, discuss about the challenges and implications of radiomics for radiologists and suggest the future directions that we could move toward in order to fully realize the potentials of radiomics to improve personalized management of patients with urothelial cancer.
Introduction
Urothelial cancer is a common malignancy worldwide. More than 90% of the cases are bladder cancer while upper tract urothelial cancer (UTUC) is a rare subset [1] . Bladder cancer is the sixth most common cancer in the USA with an estimation of 81,000 new cases and 17,000 deaths each year, and the standardized mortality rate varies from 2 to 10/100,000 per year in men and 0.5 to 4/100,000 per year in women [2, 3] . According to the National Central Cancer Registry of China, the new cases and deaths for bladder cancer are about 80,500 cases and 32,900 cases, respectively, with an upward trend in recent years [4] . Over the past three decades, few signs of progress have been made in the treatment for urothelial cancer. For patients with nonmuscle-invasive bladder cancer, around one-third of patients experience recurrences or progression despite receiving standard treatment. The 5-year survival of patients with muscle-invasive bladder cancer is less than 50%, and the median overall survival of patients with advanced or metastatic bladder cancer is about 15 months [5, 6] . The deadlock of urothelial cancer treatment has been broken with significant advances in our understanding of underlying tumor biology and immunology in recent years. The advent of immune checkpoint inhibitors (ICIs) including anti-programmed cell death 1 (PD-1) and anti-programmed cell-death ligand 1 (PD-L1) antibodies has revolutionized the treatment for many advanced solid tumors including urothelial cancer [7] . In spite of dramatic improvements in clinical outcomes in certain patients, there are still quite a few important unmet clinical needs in urothelial cancer management, for example, how to identify patients most likely to benefit from ICIs and how to predict treatment response for individuals [8] . It is necessary to develop new tools that have the potential to tackle those difficulties in tailoring treatment for each patient with urothelial cancer, especially in the era of precision medicine.
A wide range of "-omic" technologies, such as genomics and proteomics, have been investigated in the field of oncology to improve current biomarkers for the diagnosis and therapy of tumors including urothelial cancer. The term "radiomics" has been introduced several years ago, and it has become a novel research field with rapid development. Radiomics refers to analysis and translation of medical images into mineable and measurable high-dimensional data producing quantitative features in relation to prediction targets such as gene expression and clinical outcomes [9, 10] . Radiomics generally involves five major steps: data selection, medical imaging, feature extraction, exploratory analysis and modeling. Figure 1 generally describes the process. The whole process mainly relies on computer algorithms rather than human visual assessment, and this advantage of quantitative analysis allows radiomics to reveal information related to cellular and molecular properties of the tissue that may not be perceived by human naked eyes [11] . As tumors are extremely heterogeneous, a biopsy of a limited tissue sample is unlikely to represent the entire tumor. Unlike biopsy, radiomics can examine a tumor as a whole and evaluate intratumoral heterogeneity at the same time [12] . These unique abilities of radiomics allow it to be applied as a promising biomarker to noninvasively indicate biological processes, pathological changes or responses to therapeutic intervention.
Up to now, many published papers have demonstrated the huge potential of radiomics to improve clinical diagnosis, disease monitoring and outcome predictions in various solid tumors including urothelial cancer. In this review, we briefly summarize the current clinical applications of radiomics in urothelial cancer along with the latest development in the field. Then, we discuss the challenges we met in this field and the implications for radiologists. At last, we offer our perspectives of future research directions of radiomics in urothelial cancer. 
Radiomics applications in urothelial cancer
The past few years have witnessed considerable scientific advances in applications of artificial intelligence in human malignant neoplasms. Different technical methods including texture analysis, machine learning, deep learning and radiomics have been employed in studies regarding urothelial cancer. We would like to focus on radiomics studies in this review but we will also mention related studies using other technical methods as well, so as to give a comprehensive review of achievements in this filed in the last several years. In the following paragraphs, we are going to group these studies by the targeted clinical question and analyze in detail the data related to each topic.
Evaluation of pathological grade
Pathological grade of urothelial cancer has important implications for prognosis and treatment selection. Lowgrade urothelial cancer has a lower rate of recurrence and stage progression, and it could be treated with less invasive techniques [13] . A few studies have explored the feasibility of texture analysis, machine learning and radiomics to distinguish between low-and high-grade urothelial cancer. A study by our group in 105 patients with urothelial carcinoma found that low-grade tumors demonstrated lower texture features of mean, entropy and mean of positive pixels (MPP) quantified from CT images and MPP could differentiate low-from high-grade tumors with an area under the curve (AUC) of 0.779 [14] . Mammen et al. performed a similar texture analysis of CT scans of 48 patients with UTUC and found entropy was also greater in high-grade tumors with an AUC of 0.83 [15] . In a study by Zhang et al. in 61 patients with bladder cancer, 102 texture features were extracted from diffusion-weighted images (DWI) and apparent diffusion coefficient (ADC) maps, 47 of which were found to be significantly different between low-and high-grade tumors [16] . By the method of support vector machine with recursive feature elimination (SVM-RFE), 22 features were selected to build the classifier and reached an AUC of 0.861. Wang et al. conducted a similar but more comprehensive radiomics analysis of MRI images for preoperative evaluation of pathological grade [17] . They examined T2-weighted (T2W), DWI and ADC maps of 70 patients and validated them in a cohort of 30 patients with bladder cancer. Multimodal features were combined to construct radiomics models which achieved an AUC around 0.92 in both training and validation cohorts. The above studies revealed that texture features extracted from CT or MRI images could reflect the difference between low-and high-grade urothelial carcinoma. A radiomics approach has the potential to act as a noninvasive tool to assist in preoperative grading of urothelial cancer. But the sample size of these studies is small, and as UTUC is quite rare compared to bladder cancer, only our group and Mammen et al. have included UTUC [14, 15] . More data should be gathered to further evaluate the ability of radiomics for predicting pathological grade, especially in UTUC.
Evaluation of clinical T stage
Accurate local staging of bladder cancer is key to realize optimal management of an individual patient. Patients with nonmuscle-invasive bladder cancer (NMIBC, stage ≤ T1) are mostly treated with bladder-sparing methods such as transurethral resection of a bladder tumor (TURBT) and intravesical therapies, whereas patients with muscle-invasive bladder cancer (MIBC, stage ≥ T2) are treated with cystectomy, radiation therapy or chemotherapy and usually have a poor prognosis [13, 18] . Thus, discrimination between NMIBC and MIBC has great value in guiding therapeutic choices. In a study by Garapati et al., morphological and texture features were extracted from CT images of 84 bladder cancer lesions and a linear discriminant analysis, a neural network, a SVM and a random forest classifier were used to combine the features to stratify the stage of bladder cancer into two groups: ≥ T2 and < T2 groups [19] . The classification accuracies of the four classifiers were similar with AUCs around 0.9. Several MRI-based radiomics studies have also reported promising results of accurate stratification for stages of bladder cancer. Xu et al. extracted a total of 1104 radiomic features from T2W and DW images of 44 patients with bladder cancer and selected 19 features to build an optimal discriminative model by the method of SVM-RFE and synthetic minority oversampling technique (SMOTE) to differentiate between NMIBC and MIBC or stage ≥ T2 and < T2 [20] . An AUC of 0.9857 was reached by the SVM-RFE + SMOTE classifier, which outperformed the diagnostic accuracy by experts. In a study by Tong et al., T2W images of 65 patients with bladder cancer were used to quantify intensity and texture parameters to classify patients into ≥ T2 or < T2 [21] . Nine optimal features were selected from a total of 15,834 features and demonstrated an AUC of 0.813 for the differentiation purpose. Lim et al. performed a slightly different study from the previous ones [22] . They evaluated whether T2W and ADC texture features of bladder cancer and extravesical fat as well in 36 patients could be used to predict MIBC (≥ T2) and extravesical disease (≥ T3) after TURBT. Results show that greater entropy of bladder cancers and extravesical fat was found in category ≥ T3 than in category ≤ T2 and in category ≥ T2 than in category T1 tumors with AUCs in the range of 0.74-0.85. These studies indicated that radiomics could help with local staging of bladder cancer and has the potential to improve current patient management. The main limitation of this study is the very small sample size, and none of the above studies has a patient population over 100. It is no doubt that these preliminary studies proved the concept of applying radiomics to evaluate the local stage of bladder cancer, but where the study results are still valid or radiomics could really promote precise local staging of bladder cancer needs further investigation and validation in larger cohorts.
Prediction of lymph node (LN) metastasis
LN metastasis in patients with bladder cancer indicates a poorer prognosis; thus, the accurate prediction of LN metastasis in patients with bladder cancer assists in treatment decision making. Routine CT and MRI identify positive LN metastasis according to the size of LN, but the efficacy is quite low with a sensitivity of 31-45%, which indicates a certain proportion of patients being understaged [23] [24] [25] . A study by Wu et al. in 118 patients with bladder cancer found 150 radiomic features in each patient's arterial-phase CT images, among which nine LN status-related features were used to build the radiomic signature for LN metastasis and achieved favorable prediction efficacy [26] . The radiomics nomogram incorporating the radiomics signature and CT-reported LN status also demonstrated good calibration and discrimination in the training set (AUC 0.9262) and the validation set (AUC 0.8986). The same research group conducted another study in 103 patients with bladder cancer in the purpose of developing and validating an MRI-based radiomics signature for the individual preoperative prediction of LN metastasis [25] . A total of 718 radiomic features were extracted from T2W images, and nine features were selected to construct the radiomic signature which showed a favorable outcome in the training set with an AUC of 0.9005 and in the validation set with an AUC of 0.8447. The radiomics signature and the MRI-reported LN status constituted the nomogram, and it demonstrated good calibration and discrimination in the training (AUC 0.9118) and validation (AUC 0.8902) sets. These two studies proved the promising value of radiomics in the prediction of LN metastasis in bladder cancer. Despite the relatively satisfactory performance of CT-and MRI-based radiomics, a shared limitation of the two studies is that they lack external validation. Multicenter validation with larger cohorts is required to confirm the ability of radiomics to accurately predict LN metastasis. Genetic markers have been shown to be predictive of LN metastasis, the addition of genetic markers to the nomogram might further improve the accuracy of radiomics to predict LN metastasis and further studies may work on this issue.
Prediction of recurrence risk
A prominent characteristic of bladder cancer is its high recurrent rate, which could reach up to 61% for patients with nonmuscle-invasive bladder cancer in the first 2 years (TFTY) after TURBT [27] . Preoperative prediction of recurrence risk is critical for prognostication and individualized follow-up regimens for patients. Xu et al. developed and validated a nomogram combining MRI-based radiomics and clinical predictors for predicting the TFTY recurrence risk [28] . Of the 1872 features extracted from T2W, DW, ADC and dynamic contrast-enhanced images, the 32 features with the highest AUC were selected for calculating Rad-Score. The nomogram developed by Rad-Score and clinical predictor of muscle-invasive status produced a good performance in the training (accuracy 88%, AUC 0.915) and validation cohorts (accuracy 80.95%, AUC 0.838). This preliminary study demonstrates the ability of radiomics together with clinical factors to address the important clinical issue of recurrence risk prediction for bladder cancer. So far, we have not found any study investigating the potential of CT-based radiomics for prediction of recurrence risk for bladder cancer. As CT plays an important role in preoperative evaluation and postoperative follow-up in patients with bladder cancer, it is worth exploring the value of CT-based radiomics in this clinical issue as well.
Treatment response assessment
Neoadjuvant chemotherapy before cystectomy has been shown to improve survival but only 30% of the patients have complete treatment response; a reliable prediction of the efficacy of neoadjuvant chemotherapy is beneficial for patients with bladder cancer [29] . In a study by Cha et al., they explored the feasibility of three CT-based radiomics models employing different design principles to distinguish between patients with and without complete chemotherapy responses [30] . The three models included a model using deep-learning convolution neural network (DL-CNN), a model using radiomic features extracted from segmented lesions and a model using radiomic features extracted from pre-and post-treatment paired regions of interest. All the three models produced comparable AUCs compared to two expert radiologists ranging from 0.69 to 0.77. It is obvious that the accuracy is not satisfactory in terms of AUCs but this study is the first to indicate the potential of using DL-CNN and radiomics methods to assess treatment response of chemotherapy for patients with bladder cancer. The small sample size of this study (82 patients in the training set and 42 patients in the test set) could be a major factor that impacted the performance of prediction models. More radiomics studies with larger cohorts targeting the prediction of treatment responses for urothelial cancer should be conducted in the future.
Challenges and implications for radiologists
The above studies provide improved insight into the utility of radiomics in the management of urothelial cancer. These studies demonstrate the capability of radiomics to assist more precise characterization and stratification of patients with urothelial cancer. As it is impossible to biopsy each and every lesion, radiomics offers a noninvasive and economic approach to reveal the tumor heterogeneity in different individuals, different lesions and even within the same lesion. By using radiomics as biomarkers, we may begin to appreciate the complexity of tumor biology and tailor treatment for each patient with urothelial cancer.
There is no doubt that radiomics could facilitate the process of clinical decision making, but up to now, radiomics for urothelial cancer remains in research and not in clinical use. There are quite a lot of challenges ahead of us for applying radiomics in daily practice to improve patient care. The workflow of radiomics includes data selection, medical imaging, feature extraction, exploratory analysis and modeling and implementation of radiomics is rather a complicated process. One of the major challenges lies in the optimal collection and integration of multiple data sources that can produce accurate and robust predictions. Currently, the field of radiomics lacks standardized evaluation criteria and reporting guidelines; the clinical utility of those published prediction models still needs to be further evaluated for their performance [31] . To promote the development and acceptance of radiomics, Lambin et al. have proposed the radiomics quality score (RQS) to evaluate the quality of radiomic studies [11] . The RQS evaluates each necessary step in a radiomic analysis, both rewards and penalizes the methodology and analyses of a study. Investigators should be encouraged to follow the rigorous evaluation criteria and reporting guidelines to avoid overly optimistic claims about robustness and generalizability.
High reproducibility and replicability are essential for the widespread acceptance of radiomics-based models or decision support systems in clinical practice. As radiomics studies comprise multiple steps, and each could be affected by a wide range of factors, details of these subprocesses should be disclosed by researchers; otherwise, reproducibility and replicability in radiomics would not be possible. Large-scale data sharing is imperative for the validation and generalization of radiomics; thus, disclosure of imaging protocols, analyzed scans, segmentations, details of feature extraction and modeling methodology should be provided as supplementary material in future publications.
Future directions
Medical imaging is evolving from being a diagnostic tool to becoming a vital part in the era of personalized medicine. It is of great importance to promoting precision medicine, especially in countries like China which has a large population but limited government investment in health care and low average expense per patient need. Application and generalization of novel techniques could help to provide the optimal treatment for patients while avoiding unnecessary cost, relieving the heavy economic burden of diseases for both individuals and society. Radiomics, with the advantages of being noninvasive and economical, is worthy of further investigation and application.
With the advances in radiomics, it has made it possible to correlate clinically feasible quantitative imaging with tissue pathophysiology. Radiogenomics highlighting the link between radiomic features and gene expression patterns allows the acceleration of their incorporation into personalized medicine approaches [32] . Over the years, there have been many studies investigating the application of gene expression signatures for prediction of tumor characteristics and outcomes of urothelial cancer, including stage, risk of recurrences, the progression of nonmuscleinvasive and muscle-invasive bladder cancer and survival [9, 31, [33] [34] [35] [36] [37] . But up to now, studies focusing on identifying the association between specific imaging traits and gene profile of urothelial cancer have not been reported yet. The research in radiogenomics of urothelial cancer is still at the initial stage and remains to be further explored. Standardized gene assay and radiomics workflow would enable radiogenomics biomarkers to meaningfully improve diagnosis, prognosis and prediction of response to treatment of urothelial cancer.
The past few years have been an exciting time for the field of urothelial cancer. With the introduction of ICIs such as atezolizumab and pembrolizumab, significant advances have been made in the treatment for urothelial cancer. ICIs have been proved to be effective with safe and tolerable side effects in a subset of patients with urothelial cancer, but the majority have primary disease progression [38, 39] . It is crucial to identify patients who are most likely to benefit from ICIs. Certain pathological markers assessed by immunohistochemistry have shown the potential to predict the treatment response of ICIs [40] . Noninvasive imaging biomarkers for optimal patient selection are still under investigation. Promising results have been reported recently that the radiomic signature of tumor-infiltrating CD8 cells could be useful in inferring clinical outcomes for patients with cancer treated with immunotherapy. But only eight patients with urothelial cancer were included in the study [41] . The full potential of radiomics as a biomarker for immunotherapy in patients with urothelial cancer should be investigated and validated in a larger cohort and ideally in prospective randomized trials.
Conclusions
Urothelial cancer is among the most prevalent cancers worldwide and, as one of the most heterogeneous cancers known, needs a personalized approach for diagnosis and treatment. The development of radiomics to obtain quantitative features from imaging traits has shown the potential to aid diagnosis, guide therapy and monitor treatment response of urothelial cancer. To an extent, the applicability of radiomics in clinical practice depends on standardized data collection, evaluation criteria and reporting guidelines, and large-scale data sharing is fundamental for the full potential that radiomics represents. The research in radiogenomics of urothelial cancer and radiomics as a biomarker for immunotherapy has just started and needs further investigation. It is promising that radiomics-based decision support system for precision diagnosis and treatment for urothelial cancer will improve the quality of patient care in the near future.
